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Abstract--The symmetric properties of objects extend essentially the possibilities of high resolution 
research of biological structures in solution by means of X-ray small-angle scattering method. Using this 
method a number of structural parameters of bacteriophage T7 is determined: icosahedral form of its 
head, precise dimensions, molecular mass and hydration. Modelling of the intrapbage DNA packing is 
performed in the spherically-symmetric approximation. Changes in the structural organization of the 
phage caused by environmental alterations (temperature and ionic strength) are investigated and explained 
using this approximation. Direct restoration of the phage structure with spatial resolution of 12 A is done 
assuming axial symmetry of the phage structure. 
INTRODUCTION 
Biological macromolecules and their complexes are involved in specific biological functions which 
functioning is often related to changes in their structure between the beginning and the final stages 
of the process. The flexibility in these changes i assured by dynamic properties of the higher order 
structure. For this reason their structures usually do not show space symmetry properties. Such 
properties could severely limit possible changes of the system. However, by examining their 
structure with higher and higher esolution, one can discover more and more elements of symmetry; 
e.g. symmetrically arranged subunits in protein molecules, helical structures inproteins and nucleic 
acids and so on. 
Some biological macromolecules (or complexes thereof) existing in isolated state can possess 
rather high (e.g. helical, icosahedral) symmetry. Viruses exist as such in the intermediate p riods 
between their living cycles only. In this non-living state, they represent a good example of 
symmetric biomolecules. During the self-assembly of viruses, which is similar to the process 
of crystal growth, the symmetric properties of viruses reveal themselves xplicitly. 
Several simple-shaped (e.g. spherical) virsus have been crystallized and their structures have been 
solved by means of X-ray crystallography. More complicated ones, in particular, bacterial viruses, 
are widely investigated by small-angle X-ray and neutron scattering techniques. 
Small-angle scattering (SAS) is a method often used for structural investigations of biological 
macromolecules in solution. The total SAS intensity of a dilute solution of identical particles is 
proportional to the scattered intensity of particles averaged in all orientations. The spherical 
average leads to essential loss of information involved in the scattering data. However, as it will 
be shown in this paper, knowledge about symmetrical properties of the particle (biomolecule) can 
be effectively used together with other a priori information in extracting structural information 
from the SAS data. Comprehensive investigations ofcomposition, function, structural organization 
and structural transitions under physical treatment o f  bacterial virus T7 serves as a good 
illustration to the point. 
Phage T7 is a small bacterial virus containing a double-stranded DNA-molecule. It has been 
studied for several years by different physical and chemical methods. According to the electron- 
microscopic data (see Ref. [1] and references therein) the phage particles consist of an isometric 
polyhedral head and a small cylinder-like tail. Different values for the phage head dimension were 
reported (580-650 A--electron microscopy [1], 470-520 A--light scattering [21]). Molecular mass 
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of the particle as determined by sedimentation a d diffusion measurements proved to be 50 x 106, 
while molecular mass of the phage DNA itself is 25 x 106 [3]. The gene structure of the phage 
genome is already known, its DNA was recently sequenced [4]. Because of some advantageous 
biological properties [5] phage T7 was recently found to be a good candidate also for genetic 
engineering [6] and as test system for chemical dosimetry [7]. 
GENERAL GEOMETRIC AND WEIGHT PARAMETERS 
X-Ray SAS experiments with the phage T7 were carried out using automated SAS 
diffractometers (Kratky camera, Rigaku Denki camera) and an installation equipped with 
one-dimensional position-sensitive d tector [8]. Both diluted and concentrated phage suspensions 
were studied to cover wide scattering vector ange (from s = 2 x l03 to 1.35 A -~, s = (47r/2) sin 0, 
• ~ = 1.54 A--wavelength, 20--scattering angle). In order to obtain structural information about he 
phage particle in the native state, it was placed in the physiological buffer preserving the biological 
activity of the phage (Tris-buffer 0.1 mol/l NaCl and 0.04 mol/l Tris-HC1, pH = 7.0). The solvent 
scattering was subtracted and extrapolation tozero concentration was performed for the innermost 
portions of the scattering curve (Fig. 1). The experimental data were smoothed and desmeared 
according to the procedures described in Refs [9] and [10, 11]. The desmeared curves for different 
diffractometers were "seamed" using crossing angular intervals. Total scattering curve shown in 
Fig. 2 drops more than six orders of magnitude and has a large number of subsidiary maxima 
indicating high homogeneity of the investigated samples. The precise scattering curve enables the 
extraction of rich structural information about the phage particle and the intraphage DNA [12]. 
In the vicinity of zero scattering angle the SAS curve can be expressed by Guinier approximation 
[13] 
I(s) = I (0 )  exp( -s2R2/3) ,  
where R 8 is the radius of gyration of the particle, while the forward scattering I (0 )  is readily related 
to molecular mass of the phage (after scaling the experimental data to absolute units, see Refs 
[14, 15]). The particle volume can be calculated in homogeneous approximation using the Porod 
invariant Q (16, 17]: 
f0 V = 2nI(O)/Q, Q = s2I(s) ds. 
The calculated structural parameters ( ee also Ref. [18]) are listed in Table 1. 
Moreover, the information about the isometric head shape can be used to recognize peculiarities 
of the head constitution. As it has been shown earlier [19], the presence of a small tail does not 
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Fig. 1. Extrapolation of innermost portions of the scattering curves to zero concentration for phage T7: 
(x )  and straight line l - -~ncem~t ion  c=24mg/r~;  (e )  and 2---e--18mg/ml; (A)  and 
3--c = 6 mg/ml; (O) and 4--c = 0. 
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Fig. 2. Total X-ray scattering curve of the bacteriophage T7. 
change the positions of subsidiary maxima in the scattering curve of isometric particles. At the same 
time these positions depend highly on the particle symmetry. Figure 3 shows the scattering curves 
of a uniform sphere and regular polyhedra [20]; the angular positions of the maxima and minima 
are given in Table 2 together with the data determined from the scattering curve of phage T7. One 
can see that cube and octahedron, moreover tetrahedron do not fit the experimental data. On the 
other hand, electron micrographs show hexagonal phage projection. On the basis of this data it 
is possible to conclude that only icosahedron can be regarded as a plausible model of the head 
shape in terms of regular polyhedra. Moreover, from the positions of the maxima, the head radius 
of gyration can be determined (see Table 1). 
Based on this data, a model of phage T7 shape has been put forward. The model consists of 
icosahedral head with the edge of 377 A, volume of 1.16 x l0 s A 3 and cylindric tail 200A length 
(the tail volume is about 6% of the head volume). Figure 4 shows the experimental and model 
curves which well coincide up to the intensity decrease of four orders of magnitude. The head 
diameter in spherically symmetric approximation is 610 A. Similar values have been reported by 
Stroud et al. [21], namely, a diameter of 602A and a volume of 1.14 x 108A 3. 
Absolute X-ray measurements provide the molecular mass of "dry" phage particle, whereas the 
obtained geometrical parameters, including volume, correspond to the native, hydrated state. 
Therefore, the phage hydration as well as its density can be determined. Moreover, since the phage 
can be regarded as a homogeneous particle up to the resolution of 100 A, it is possible to evaluate 
the hydration of DNA and protein separately, under the given content of the two components (51 
and 49 weight %, correspondingly). And finally, assuming that a high proportion of the protein 
component is contained in the protein shell, its thickness can be calculated. All these data are also 
given in Table 1. 
Table 1. Parameters of phage T7 particle obtained by X-ray SAS method 
Radius of gyration of the phage 
Radius of gyration of the phage-head 
Radius of head (spherical-approximation) 
Volume of the whole phage 
Volume of the DNA 
Volume of the protein 
Thickness of the protein shell 
Molecular mass of the phage 
Hydration of the phage 
Hydration of the DNA 
Hydration of the protein 
Edge of icosahedron 
260+3A 
236 + 3 A 
305 + 3 A 
(I.24 + 0,05) × l0 B A 3 
(0.8 + 0.05) x l0 s A ~ 
(0.34 + 0,05) × 108 A 3 
35A 
(56 _+ 8) x 106 
0.65 g(H20)/g(dry mass) 
1.10 g(H20)/g(dry mass) 
0.22 g(H 20)/g(dry mass) 
377+4A 
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Fig. 3. SAS curves of a sphere (
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) and regular polyhedrons: icosahedron ( . . . . . .  ); dodecahedron 
( - - - ) ;  octahedron ( . . . . .  ); cube ( - - . - - )  and tetrahedron ( :==) .  
STRUCTURE ORGANIZATION OF DNA 
The inner structure of the phage T7 manifests itself in the scattering data at larger angles (see 
Fig. 2), namely at s > 0.2 A -1 (having a resolution better than 30 A). A strong broad maximum 
occurs in the curve at 0.2 < s < 0.35 A -1 which corresponds to the Bragg distance of 24 A. Similar 
maxima appear in the scattering curves from other double stranded DNA-containing phages 
[22-26] caused by parallel packing of the DNA thrcads. 
Broad maxima appearing in the scattering curves of chain molecules are frequently explained 
in terms of existence of highly ordered regions (domains) inside the object. The domain size L can 
be calculated as L = 2 cos 0/fl, [22], where fls is the half-width of the maximum. 
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Fig. 4. Model  o f  the bacteriophage T7. Experimental curve ( 
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Table 2. Positions of maxima and minima in the scattering curves of regular polyhedra and phage T7 
sR~ 
I 2 3 4 5 
Particle rain max min max rain max rain max rain max 
Theoretical Values 
Sphere 3.55 4.5 6.0 7,05 8,5 9.6 I 1.0 12.05 13.35 14.5 
Icosahe~Iron 3.55 4.5 6.05 7.05 8,5 9.6 I 1.0 12.05 13.45 14.5 
Dodecahedron 3.55 4.5 6.05 7.05 8,5 9.6 II.I 12.3 13.75 14.9 
Octahcdron 3,55 4.5 6.3 7,45 9.1 10.35 12.05 13.35 15.0 16.3 
Cube 3.55 4.5 6.5 7,75 9,6 10.95 12.65 14.1 15.8 17,3 
Experimental Values 
"1"7 phage 3.65 4,6 5.9 7,15 8,4 9.6 II.2 12.0 13.3 14.4 
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However, the phenomenon can be explained also in terms of short-range order within the phage 
DNA. As it was shown by Vainshtein [27], the following estimations are valid: 
A/a = (I/~)(fl, a/2 ) I/2, r,, = (~/2.5) 2 (2//~s), 
where a is an average distance between the neighbouring molecules, A its mean square deviation, 
rm the so-called interaction radius beyond which the probability of finding a molecule at the given 
distance from a fixed point becomes constant depending on the system density. It is seen that r, 
is close to L; however, the physical meaning is completely different. For the phage T7, the 
interaction radius rm = 150 A, while the disorder parameter A/a = 0.16 which corresponds to a 
liquid-type system [23]. The values of rm and A/a calculated for some other phages are almost the 
same. Therefore, it can be deduced that the DNA within the phage heads forms a liquid-type 
packing of the threads with short-range order. 
The secondary structure of DNA is revealed in the scattering curves in the region 
0.35<s < 1.35A -I. Bram [28] calculated theoretical curves for three (A, B and C) DNA 
conformations. Comparing the experimental curve with the theoretical ones, a conclusion can be 
made that the DNA conformation is close to the B form in the phage T7 (true for some other 
phages as well, see, for example Ref. [21]). 
The "packing max imum" for isometric phages normally shows a fine structure being modulated 
by so-called "ripples" [2 I, 25]. Their appearance is explained by a long-range order of the packed 
DNA strands. It is possible, however, to show that the existence of ripples is not connected to the 
DNA packing. For this purpose, spherically symmetric models were built consisting of concentric 
layers of finite thickness with various scattering densities [29]. In this case the scattering amplitude 
A(s) is a linear combination of functions 
~i(s ) = (sin sri - sri cos sri) / (sri) 3, 
where r~ denotes radii limiting the shells, and the intensity l(s)= A:(s) can be easily calculated. 
Possible models are limited by such parameters as radius of gyration, external radius, thickness 
of protein shell, molecular weights of DNA and protein, and their average densities. In this work 
we were interested in only the existence of the ripples and their intensities but we were not 
concerned with the best fit to the experimental curve. 
The initial model (A1) had the following parameters: external radius R = 310 A, thickness of 
protein shell 40 A, radius of gyration Rg = 236 A, molecular weights both of DNA and protein 
about 25 x 106, number of DNA-shells 4, electron densities of DNA and protein 0.165 and 
0.035 A -3, respectively. The second model (B1) differed from the first one by the excess electron 
density of DNA and protein: 0.105 and 0.085 A -3, respectively, meaning that the inhomogeneity 
became considerably ower. Then the external radius (alone/models A2, B2/and together with the 
internal one/models A3, B3/) was increased by 8 A in both models. The model curves are presented 
in Fig. 5. For the model with high inhomogeneity (group of models A), the angular positions of 
ripples in the packing maximum are displaced under simultaneous increase of the radii (see A1, 
A3). The increase only in the external radius does not move the ripples (see A1, A2). For the model 
with low inhomogeneity (group of models B) the ripples are shifted in both cases. Therefore, we 
can conclude: the more homogeneous the particle, the stronger the positions of subsidiary maxima 
are influenced by the external radius. 
To study the influence of inhomogeneities of DNA packing on the positions of the maxima, three 
different models were compared where the spherical layer imitating the DNA-region had the same 
average electron density and size. In two models the DNA-region contained 5 and 10 layers 
characterized by 24 and 12 A-periodicity, respectively; in the third one the region was homogeneous 
[Fig. 6(a)]. A packing maximum for the model with 24 A-periodicity can be seen clearly in the 
region around s = 0.26 A-~ [Fig. 6(b)]. The corresponding packing maximum for 12 A-periodicity 
(model 2) is shifted to s = 0.526 A -~ and cannot be seen in the plot. And finally for the model with 
homogeneous DNA-region (model 3) there is no such maximum at all. At the same time angular 
positions of the ripples in all the scattering curves almost coincide. 
Therefore it can be concluded that the existence and angular positions of the ripples depend on 
the overall shape and size of the region occupied by DNA inside the phage head rather than on 
the peculiarities of the DNA packing. 
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DIRECT RESTORATION OF THE PHAGE STRUCTURE 
A direct method of interpretation proposed in Ref. [30] was used to recover the structure of 
phage T7 from the SAS curve. In this method the multipole expansion of the particle electron 
density 
l=0 m= -I  
is adopted (r, 0, ~0 are spherical coordinates, Ylm the spherical harmonics). The SAS intensity can 
be expressed as 
l 
I(s) = 2~ 2 ~, E Aim(s) 1; 
1=0 m= - I  
the functions Aim(s) being connected with ptm(s) by a Hankel transform of order l. The series 
converge fast for globular particles, therefore only several first terms are to be taken into account 
normally (this representation has been originally proposed by Stuhrmann [31]). The particle 
boundary in space [p(r) - 0 for r > R < oo] and the existence of limiting density values are used 
in Ref. [30] to impose restrictions on the possible solution. Restoration of the radial functions is 
performed by a special iterative procedure followed by construction of the density distribution p(r). 
Information about the symmetrical properties of the particle is necessary in order to choose the 
set of harmonics playing a significant role in the multipole xpansion. First of all, it has been taken 
into account hat the phage particle is nearly axially symmetric, therefore, only harmonics with 
m = 0 produce a non-zero contribution. The icosahedral shape of the head necessitates special 
selection rules for the possible l numbers, namely, l = 6p + 10q + 15t (p, q, t are integers). On the 
basis of this information the harmonics et Y00, Yl0, Y20, Y60 was selected in order to describe 
properly an iscosahedral head with a tail. The value of R = 470 A has been determined from the 
geometrical parameters of the phage. The limiting excess density values Pmin = 0, Pmax = 0.22 A -3 
can be easily extracted from the known chemical composition of the phage. 
A portion of the scattering curve up to Smax = 0.57 A-t, corresponding toa 12 A radial resolution 
was treated. The obtained result--the electron map in bacteriophage T7 in a cross-section 
t 
Fig. 7. The map of electron density in bacteriophage T7. The cross-section containing the axis of axial 
symmetry (indicated by an arrow) is shown. Levels p =0.40A -3 ( ) protein; p =0.45A -3 ( - - - - )  
strongly hydrated DNA; p = 0.52 A -3 ( ) slightly hydrated DNA. 
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containing the rotational axis--is presented in Fig. 7. One can see the cross-section of the phage 
head to be a smoothed hexagon. The tail appears as a circular cylinder about 180 ,~, length. In the 
central part of the head there is a globular protein core with a diameter of about 240 A. Intraphage 
DNA forms sectorial regions of concentric packing (the distance between the layers is about 25 A). 
There is a cylindric area with the radius of 80 A of higher DNA concentration ear to the tail, 
whereas, on the whole, the phage DNA is hydrated much more strongly than the protein. The 
scattering curve of the restored structure coincides accurately with the experimental curve up to 
the intensity decrease of more than 6 orders of magnitude. All T7 structural features specified are 
in agreement with the data provided by other physical and chemical methods. 
TEMPERATURE TRANSIT IONS IN  PHAGE T7 
The X-ray SAS experiments were carried out to study the first temperature phase transition in 
the phage; namely, hypochrome melting step at 50-60°C [32, 33]. The samples were heated to 40, 
50, 55, 60 and 65°C with the heating rate less than 0.4°C/min and then measured at room 
temperature after 30 min of incubation (the first phase transition step is irreversible). 
The value R s did not change up to 50°C, while at higher temperatures no linear dependence in 
the Guinier region could be obtained. This indicates a partial disruption of the phage particles. 
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Fig. 8. Scattering curves from the bacteriophage T7 incubated at various temperature. Region of packing 
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destroyed phages estimated from the scattering data. 
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Simultaneously, the first subsidiary maximum decreased after 50°C and disappeared at 65°C. As 
a result of heating, the height of the packing maximum and its area diminish while the position 
of the maximum tends to shift to the smaller angles which can be seen in Fig. 8. Here the ripples 
are smeared because of wide collimating slits used for the SAS measurements. The fraction of 
phages remaining intact in solution at different emperatures can be estimated from the area of 
the packing maximum; the area of the peak for native phage at 20°C being taken as unity. These 
data are in satisfactory agreement with the biological activity measurement i  the M9 buffer (Fig. 
9). Circular dichroism studies showed that this transition leads to a DNA conformation similar 
to that of isolated B-DNA in solution [34]. Thus this first melting step is connected to the phage 
disruption and the DNA release from the protein coat. Shift of the packing maximum to smaller 
angles (Fig. 8) can be explained by the decrease of DNA packing density because a part of the 
DNA leaves the phage head with increasing temperature. 
INFLUENCE OF THE IONIC STRENGTH 
The binding of several drugs to phages depends on the ionic composition of the buffers used. 
This necessitates the study of the effect of different salts on the function and structure of the phages 
themselves. Systematic investigations revealed that phage T7 loses its biological activity at ionic 
strength lower than 0.05 mol/l of monovalent ions. This is accompanied by a decrease of the 
thermal stability of the intraphage DNA [35]. To explain the possible structural modifications 
leading to these consequences, X-ray SAS experiments were carried out in two different salt 
conditions [36]. Buffer H (high ionic strength) containing 0.1 mol/l NaCI and 0.04 mol/l Tris-HCl, 
pH = 7.0 and buffer L (low ionic strength) with 0.01 mol/1 NaCl and 0.01 mol/1 Tris-HCl, pH = 7.0 
were used for preparation of T7 solutions. One can see in Fig. 10 that the behaviour of the 
scattering curves for both buffers is quite similar in the beginning (until s = 0.02 A- ~ ). Both curves 
show the packing maximum at s = 0.26 A-~ and the large number of subsidiary maxima indicate 
the high monodispersity of the samples. However, the behaviour of the curves is different in the 
region 0.02 < s < 0.25 A-~: the H-curve lies well under the L-curve. The radii of gyration prove 
to be 258 ,~ for buffer H and 253 A for the L buffer. The radii of gyration of the phage heads, 
calculated from the positions of initial subsidiary maxima, are equal to 236 and 248 ,~, respectively. 
The head dimension in buffer L almost coincides with the dimension of the whole phage, while 
head and whole phage dimensions differ by 10% in buffer H. To explain this phenomenon the 
distance distribution functions p(r) were calculated. The p(r) function is the spherically averaged 
self-convolution of the particle excess electron density [37] being connected to the scattering 
~'~ O 
-1 ~ ""'... • 
-~  " ' . : ' ; t t . . .  .. : . . ""  " 
0 0.1 0.2 0.3 
S~A -1 
Fig. 10. Scattering curve of bacteriophage T7 measured in buffers H ( 
2 
1 
og, 
- I  
-2  
) and L (. . .) .  
626 O¥. Ro/cr6 et al. 
0.08 0.06 
0.06 
0.04 ~ 
0 .04 ~" 
0.02 
0.02 
0.00 0.00 
200 600 1000 
Fig. 11. Distance distribution of the electron density in phage T7 calculated in the cases of buffer H ( ) 
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intensity by the transformation: 
p (r ) = r2 / 2n 2 _f: s: I (s ) (sin st~st) ds. 
One can see in Fig. 11 that the curves are the same up to the diameter of 600 A (this value 
corresponds to the region of the phage head, R = 300 A), beyond which their behaviour is different. 
The p(r)-eurve for buffer H drops gradually due to the influence of the phage tail. The curve for 
buffer L first drops almost to zero at r = 620 A, then a maximum appears at r = 720 A. These data 
can be readily explained by representing the phage in buffer L as a compact particle of radius 
,,, 300 A (near to the radius in buffer H) surrounded by an outer shell with an average radius 
-,, 380 A. The phage tail is apparently disrupted or masked by this shell. 
To check this explanation, the restoration of radial electron density distribution p(r) in 
spherically-symmetric approximation was carried out: 
f: p(r) -- 1/2re ~ s~( + x /~)  (sin sr/sr) ds. 
To determine the signs of the scattering amplitudes, an iterative procedure [38] was used. The 
distributions obtained are shown in absolute units in Fig. 12. Radial density for buffer H is nearly 
constant, while it decreases gradually for buffer L. This can be interpreted as a partial removal 
of peripheral intraphage DNA through the protein shell. A schematic model of the structural 
0.42  
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Fig. 12. Radial electron density distribution in phage T7 calculated in the cases of buffer H ( 
L ( . . . ) .  
) and 
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(a) (b) 
Fig. 13. Schematic views of DNA packaging for buffer H (a) and L (b). Here X denotes average dimension 
of the DNA outer shell as seen by X-rays, L corresponds to phage dimension as determined by light 
scattering and viscosity measurements. 
changes of the phage T7 in the low ionic strength solution is shown in Fig. 13. This model agrees 
well with the results of other observations ( ee Ref. [36]). 
CONCLUSION 
The symmetric properties of an object under investigation can effectively be taken into account 
in structural studies. As for biological objects, single crystal protein crystallography and X-ray 
studies of chain molecules are well known. The aim of this paper is to show that the information 
about symmetry can be also used in solution studies of biomolecules, by means of X-ray small-angle 
scattering. By adopting spherically-symmetric andaxially-symmetric approximations it becomes 
possible to search for fine structural details of such complicated objects as bacterial virus T7. Its 
shape is described in terms of regular polyhedra, the type of DNA packing is investigated in both 
its native state and under physical treatment, and its electron map is reconstructed with the 
resolution of 12 A. One can therefore conclude that symmetry principles are of great value even 
in structural studies of disordered samples. 
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